This study employs a parametric input distance function that incorporates both desirable and undesirable outputs to provide a more complete representation of the production technology from which environmentally sensitive productivity and efficiency measures can be generated. This framework also generates pollution abatement cost estimates that are useful for policy making. An input-based Malmquist index of productivity growth that appropriately credits the producer not only for increases in marketable or desirable outputs but also for the production of improved environmental quality through pollution abatement activities is derived from the input distance function. The method was applied to time series data from the Canadian pulp and paper industry. Our shadow price estimates indicate that the marginal cost to producers of pollution control has been rising. The main conclusion of this study is that productivity improvement, from the social viewpoint, has been stronger than conventional measures would suggest. ᮊ
INTRODUCTION
A major shortcoming of conventional measures of efficiency and productivity growth is that they ignore undesirable outputs. These measures account for saleable or marketed outputs and inputs while undesirable outputs or externalities are ignored. Therefore, the costs of pollution abatement are included while the social benefits of improved environmental quality are generally ignored. Such uneven treatment of marketed ''goods'' and ''bads'' leads to distortions in our assessment of changes in social well-being and provides distorted pictures of relative economic performance. This also leads to misguided policy recommendations. For example, conventional analyses could lead to policies biased against investment in research and development by understating true productivity improvement in industries that have been devoting an increasing share of resources for pollution abatement activities.
This study uses parametric input distance functions to provide a framework for a more complete representation of production technology in the Canadian pulp and paper industry, from which environmentally sensitive productivity and efficiency Ž . measures can be generated. Both desirable marketable outputs and undesirable Ž . pollutant outputs are incorporated in the analysis. The approach has the additional advantage that it allows us to estimate producer shadow prices of pollutant outputs. The information on marginal cost of pollution abatement thus generated is useful for evaluating and guiding environmental policy and for further economic analysis.
Pulp and paper is Canada's largest manufacturing industry measured in terms of w x employment, value added, and net exports 10 . The industry has also been a significant source of water pollution, accounting for about 50% of the waste w x Ž . dumped into the nation's waters 32 . Biological oxygen demand BOD and total Ž . suspended solids TSS are the two major water pollutants from the industry. Organic matter contained in mill effluents stimulates algal growth and consumes dissolved oxygen, thereby reducing the ability of the water to support aquatic life. Suspended solids increase turbidity, upset aquatic habitat, and ruin fish spawning beds. The industry has spent large sums of money to reduce pollution output. As a result, BOD and TSS rates have declined from 102 and 118 kilograms per tonne of wood pulp produced to only 13 and 6, respectively, in the period between 1959 to 1994. Total industry outputs of these pollutants have fallen by 68 and 87.2%, respectively, over this same period while the aggregate quantity of desirable outputs has increased by 220%.
Some attempts have been made in the literature to incorporate pollutant outputs in efficiency and productivity analysis. The methods employed include index w x w x number approaches 26, 27 , output distance functions 15, 18 , and data envelopw x w x ment analysis methods 3, 9, 14, 36, 37 . Pittman 26 provided the earliest attempt at incorporating undesirable outputs in efficiency measurement. He used shadow prices calculated from abatement costs in his computation of enhanced Caves et al. w x 5 multilateral productivity indexes to compare the productive efficiencies of a sample of 30 pulp and paper mills in Wisconsin and Michigan. More recently, a w x study by Repetto et al. 27 used adjusted non-market valuation estimates of the marginal pollution damage values to compute adjusted productivity indexes for three U.S. industries, including the pulp and paper industry. Ž These index number approaches depend on external damage value estimates as . in the Repetto et al. study or on the estimation of pollutant shadow prices from Ž . survey data on abatement expenditures by producers as in the study by Pittman . Gathering data on actual abatement expenditures through surveys is likely to become less and less practical because it is increasingly difficult to distinguish between ''productive'' and pollution abatement expenditures on capital or other w x inputs 12 . Pollution damage estimates are unlikely to be available on a yearly basis. Moreover, the accuracy and transferability across regions and time periods of non-market valuations of pollution damages are similarly open to question.
The use of parametric output and input distance functions incorporating both desirable and undesirable outputs can help overcome the problems associated with 2 w x the index number approaches discussed above. Fare et al. 15 and Coggins and w x Swinton 8 use output distance functions for this purpose. Fare et al. used Pittman's data to estimate an output distance function from which they calculated technical efficiency scores and producer specific shadow prices for pollutant outputs. Coggins and Swinton also used the output distance function method to estimate technical efficiency scores and sulphur dioxide shadow prices for 14 coal-burning electric plants in Wisconsin. This study estimates a parametric input distance function to analyze productivity trends in the Canadian pulp and paper industry in environmentally sensitive ways. Both input and output distance functions are capable of handling multi-output technologies and both require only quantity data on inputs and outputs. The w x function values in both cases provide Farrell 19 or radial measures of technical efficiency. Specifically, the value of the output distance function directly provides an output-based measure of technical efficiency while the reciprocal of the input distance function provides an input-based measure of technical efficiency. Our choice of input over output distance function for this study is based on our choice of input-based over output-based measures of productivity change as we explain in the following paragraphs. And input-based measures of technical efficiency and Ž technical change can be easily obtained from the input distance function see . Section 2 . The input-based Malmquist index of productivity change due to Caves w x et al. 6 is also defined in terms of input distance functions.
Traditionally, productivity growth is defined and measured either in terms of Ž . proportional expansion in outputs output-enhancement or proportional saving in Ž .w x inputs input-saving 6,22 . The traditional output-based productivity measure computes technical efficiency and technical change in terms of proportional expansion in outputs that can be achieved with the vector of inputs held constant. The input-based measure computes technical efficiency and technical change in terms of the proportional saving in inputs that can be achieved with the vector of outputs held constant. These two commonly used measures have straightforward interpretations in terms of revenue-enhancement and cost-saving, respectively. These two measures can also be related through the returns to scale parameter 3 and are equal when the technology is characterized by constant returns to scale.
When undesirable outputs are brought into the picture, the traditionally used output-based measure of productivity growth ceases to be a meaningful measure. 2 Several other studies have also used the nonparametric data envelopment analysis or DEA Ž w x . approach to incorporate undesirable outputs e.g., 3, 9, 14, 36, 37 . An in depth comparison of the alternative methods used in the efficiency and productivity literature is beyond the scope of this paper. w x The interested reader is referred to Lovell 22 for a review of the alternative methods used in the productivity and efficiency literature. The DEA approach is based on the construction of a piecewise linear technology frontier that ''envelopes'' the data and relies on mathematical programming for the computation of efficiency and productivity scores. A major advantage of the DEA approach is that it does not require the imposition of a functional form on the underlying technology. The parametric approach, on the other hand, requires the adoption of a functional form for the technology but it also has the advantage in that it provides an estimated parametric representation of the technology that is everywhere differentiable and easy to manipulate algebraically. 3 By definition, the proportion by which the output vector can be increased, given a vector of inputs, is equal to the product of the returns to scale parameter and the proportion by which inputs can be decreased, given a vector of outputs. Ž This is because whether a proportional expansion in outputs now including . undesirable outputs is socially beneficial depends upon whether the benefits from Ž . the expansion in desirable outputs goods will more than offset the damage caused Ž . 4 by the simultaneous or accompanying expansion in undesirable outputs bads . The input-based measure of productivity change, on the other hand, continues to serve as a meaningful measure of productivity growth because a proportional savings in inputs or costs, with desirable and undesirable outputs held constant, is an unambiguous indicator of change in social benefits. 5, 6 Therefore, this study uses input-based measures of productivity change obtained from the input distance Ž . function for three major reasons: 1 the input-based measure is a familiar and Ž . commonly understood measure of productivity change, 2 the input-based measure Ž . has a straightforward interpretation in terms of cost saving, and 3 the input-based measure appropriately credits the producer not only for increases in desirable outputs but also for reduction in undesirable outputs or for pollution abatement Ž Ž . . see Eq. 4b in Section 2 . Because of its ability to credit the producer for pollution abatement activity when undesirable outputs are included in the analysis, the input-based measure is capable of distinguishing between conventional and environmentally sensitive estimates of productivity change.
The paper is organized as follows. In Section 2, we define the input distance function and the input-based measures of technical efficiency, technical change, and the Malmquist productivity index used in the study. We also discuss the relationship of these input-based measures to changes in desirable and undesirable Ž . outputs and we show in a simple way that these measures credit the producer for pollution abatement as well as for increases in desirable outputs. In Section 3, we discuss our derivation of pollutant shadow prices based on an application of a Shephard dual lemma relating cost and input distance functions. The functional form and the methods used for the estimation of the input distance function parameters are discussed in Section 4. In Section 5, we briefly summarize the data used for the study. In Section 6, the results obtained from both the conventional Ž . Ž ignoring undesirable outputs and the environmentally sensitive including desir-. able outputs approaches are presented. The results indicate that the conventional approach understates the productivity improvement that has occurred in the Canadian pulp and paper industry over the period from 1959 to 1994. Marginal 4 If the traditional output-based measure indicates that outputs can be increased by 20%, for example, it does not necessarily mean that this results in net social gain since the increase in benefits Ž . from a 20% increase in desirable outputs might not exceed the social costs or environmental damage associated with the accompanying 20% increase in undesirable outputs. And, even if the benefits from this expansion outweight the costs, it does not mean the net social benefit from the production activity is increasing by 20%, as the increase in the production of undesirable outputs cancels out some of the benefits from the 20% increase in desirable outputs. 5 For example, a 20% proportional saving in inputs translates into a 20% reduction in costs and is an unambiguous indicator of the social benefits from productivity change since this input-based measure Ž . indicates the cost-saving that can be achieved with outputs both desirable and undesirable being held constant. w x Chung et al. 9 have proposed a new output-based productivity measure defined in terms of simultanew x ous expansion in desirable outputs and contraction in undesirable outputs. Fare et al. 14 also use a hyperbolic output-based measure that is defined in terms of a simultaneous and equiproportionate expansion in desirable outputs and contraction in undesirable outputs. Both of these new measures, however, lack any straightforward interpretation in terms of cost saving, or revenue or profit enhance-Ž w x. ment see Fare et al. 13 . cost of pollution abatement estimates derived from the estimated input distance function are also presented in this section. In Section 7, the paper is summarized and concluded.
SPECIFICATION OF TECHNOLOGY AND MEASURES OF PRODUCTIVITY CHANGE

Input Distance Functions
For the case of a production technology using N inputs to produce M desirable w x w x and undesirable outputs, following Shephard 29, 30 and Fare and Primont 18 , the input distance function
can be defined as, after the introduction of a time trend in our particular case to capture technological change,
q where x and u are, respectively, the input and output vectors, t is the time trend Ž . Ž . variable, and Y t is the technology or production possibility set at time t. In other words, the value of the input distance function measures the maximum amount by which the input vector can be deflated, given the output vector. It measures the minimal proportional contraction of the input vector required to bring it to the frontier of the input requirement set for the output vector.
Thus, by definition, the reciprocal of the value of the input distance function w x provides an input-based Farrell 19 Ž . In other words, 1 y TE measures the proportion by which costs would be x reduced by improving technical efficiency, without reducing output. A value greater than one for the input distance function indicates that the observed input᎐output vector is technically inefficient. When the producer is operating on the technically efficient frontier or the isoquant, the input distance function attains a value of one. Ž . The returns to scale RTS measure can be calculated from the input distance function using the formula
where and are scalars representing equiproportionate changes in the output and in the input vectors, respectively. The input distance function has the following properties: it has a finite 7 value for 7 Ž .
N
The value of D . goes to infinity for any input vector x g R , when the output vector is null q Ž . u s 0 , since we ''need nothing to produce nothing'' and, therefore, any input vector can be reduced to Ž . a null vector by infinite contraction or deflation, i.e., D 0, x, t s qϱ. For u G 0 and a semi-positive Ž . input vector x i.e., x G 0 , the value of the input distance function is defined to be zero if there is no Ž . finite scalar magnification of this semi-positive input vector x that can produce u. That is, D u, x, t s 0 Ž . Shephard 30 , pp. 65 and 206 for a detailed u G 0; it is a non-decreasing and continuous function of x for u g R M ; it is q concave and homogeneous of degree one in x; it is an upper semi-continuous and quasi-concave function of u. 8 If inputs are freely disposable, 9 the input distance function provides a complete characterization of the production technology. See w x w x Shephard 30 or Fare and Primont 18 , for example, for more on input distance representations of the underlying production technology.
We will also distinguish between the derivative properties of the input distance function with respect to desirable and undesirable outputs. Any appropriate modeling of the production process should recognize that desirable outputs can be Ž disposed freely and that the reduction of undesirable outputs or pollution abate-. ment is not free. Undesirable outputs can be reduced at the expense of desirable outputs, if inputs are held constant, or through the use of additional inputs for pollution abatement if the level of desirable outputs is to be maintained. Since the value of the distance function measures the maximum proportion by which all inputs can be proportionally reduced with outputs held constant, the input distance function should be non-decreasing in inputs and non-increasing in desirable outputs. On the other hand, a reduction in undesirable outputs requires the use of inputs for abatement, other outputs remaining the same. Therefore, the input distance function should be non-decreasing in undesirable outputs. We implement these monotonicity conditions through restrictions on the derivative signs imposed on the estimation of the parameters for the input distance function as described in Section 4.
Weak disposability of outputs also holds for the model. In words, weak disposability is equivalent to the belief that if x can produce u, then x can also produce a scaled down version of u. 10 In the absence of undesirable outputs, weak disposability is a trivial assumption since desirable outputs are freely disposable. More w x generally, weak disposability can be interpreted in terms of Shephard's 30, p. 187 concept of time divisible technologies as the ability to operate the technology a Ž fraction of the time to obtain u and then throw away whatever is left of the . inputs since inputs are freely disposable . With weak disposability an output is not necessarily freely disposable; the disposal of an undesirable output would impose a cost in the form of a proportional reduction in desirable outputs. In practice, firms typically undertake pollution abatement activities through the use of additional inputs while increasing or maintaining the production of desirable outputs. Therefore, one has to go beyond weak disposability for a more complete characterization of the production technology. In our case, this is done through the characterization Ž of the input distance function as non-decreasing in undesirable outputs discussed . above to recognize the fact that pollution abatement can also be achieved through the use of additional inputs, with desirable outputs being held constant. 8 The input distance function is an upper semi-continuous function of u if the output possibility set is a closed set, and it is a quasi-concave function of u if the output possibility set is convex. Convexity of the output possibility set does not imply convexity of the production possibility set and, therefore, does w x not preclude increasing returns to scale. See Shephard 30, pp. 208᎐209 for more on these aspects. 9 
Ž .
Free disposability of inputs simply means there are no holes in the input requirement set L u , i.e., Ž . Ž . Expressed in technical notation, weak disposability implies that if u g P x then u g P x for w x Ž . g 0, 1 , where P x represents the output possibility set for x. In terms of the input requirement set, Ž . Ž . w x weak disposability can be expressed as x g L u implies x g L u for g 0, 1 , or alternatively as
Input-Based Measures of Producti¨ity Change
Once the representation of the technology is properly characterized to recognize that pollution abatement is costly, the environmentally sensitive input-based measures of productivity change are sensitive to changes in undesirable outputs and properly take into account the use of resources for pollution abatement purposes. Since the input-based measure is based on the input saving that could be achieved Ž . if outputs desirable and undesirable were to be held constant, the environmentally sensitive input-based measure credits the producer not only for inputs used to increase the production of marketed outputs but also for inputs used for the purpose of pollution abatement. This can be shown more clearly using the relationships of the input-based technical change and efficiency measures to Ž . changes in desirable and undesirable outputs as explained below using Eqs. 4b Ž . and 2 .
The input-based measure of technical change is defined as the rate at which inputs can be proportionally decreased over time with outputs held constant. This rate is equal to
where is a scalar that represents an equiproportionate reduction in the input vector, x. This measure reduces to a convenient form, viz., the derivative of the distance function with respect to time, 11 i.e.,
The asymmetry with which this measure of technical change treats changes in desirable and undesirable outputs can be seen more clearly by taking the total derivative with respect to the time variable of the input distance function at Ž . D u, x, t s 1 to obtain the following equationᎏafter rearranging and taking into Ž account that the input distance function is non-increasing in desirable outputs i.e., Ž . . Ž Ѩ D . rѨ u F 0 for desirable output u , non-decreasing in undesirable outputs i.e., j j Ž . . Ž Ѩ D . rѨ u G 0 for undesirable output u , and non-decreasing in inputs i.e.,
shows that TC measures the change in inputs i.e., last term on
Ž right hand side that is not accounted for by changes in desirable outputs first . Ž . Ž . term and by changes in undesirable outputs second term . The first term in 4b measures the input saving that could have occurred if there were no change in desirable outputs; the second term similarly measures the input saving that could have occurred if there were no change in undesirable outputs. In particular, TC is x positively related to changes in desirable outputs and negatively related to changes in undesirable outputs. If the producer is reducing the output of undesirable Ž . outputs over time, the second term in 4b is positive. Therefore, the environmentally sensitive input-based measure of technical change used in this study credits the producer for increases in desirable outputs and for decreases in undesirable outputs.
We can also see that the environmentally sensitive input-based measure of Ž . Ž . technical efficiency TE , defined in Eq. 2 as the reciprocal of the input distance x Ž Ž . function, credits the producer for increases in desirable outputs since D u, x, t is . non-increasing in desirable outputs and for reductions in undesirable outputs Ž Ž . . since D u, x, t is non-decreasing in undesirable outputs . Therefore, the inputbased Malmquist productivity index, defined below as a composite of the technical efficiency and technical change measures, also credits the producer for increases in desirable outputs and for reductions in undesirable outputs. In short, all the input-based measures used in this study appropriately credit the producer for both Ž . the increased production of marketable desirable outputs and for the production of improved environmental quality through pollution abatement. w x Caves et al. 6 propose productivity concepts that are convenient for measuring productivity growth due to technical change and variations in the degree of 12 Ž k k . technical efficiency. For two firms, k and l, with output᎐input vectors u , x Ž l l . and u , x and production technologies given by the input distance functions k Ž . l Ž . D . and D . , respectively, the following input-based Malmquist productivity index for comparing the productivity of l to that of k can be defined:
M is a geometric mean of the two Malmquist input-based productivity indexes, each defined with a different reference technology. The first ratio on the right hand side indicates the minimal input inflation factor such that the inflated input for firm l and the output vector of firm l lie on the production surface of firm k. This ratio is above one if and only if firm l has a higher productivity level than firm k. The second ratio measures the maximal input deflation factor such that the deflated input from k and the output vector of k lie on the production surface of l. w x This again is above unity if and only if l is more productive than k 6 .
Ž . The Malmquist index in 5 can be decomposed into efficiency and technical w x 13 change components as follows 16 :
12 The firms k and l could be the same firm at two different points in time, or two firms at the same or different points in time. 13 This is accomplished by first multiplying the term under the square root on the right hand side of
and then multiplying the whole right hand side by
Obviously, the Malmquist index includes total factor productivity change due to technical change and technical efficiency changes, to the exclusion of production scale effects. The Malmquist index can be calculated from nonparametric technol-Ž . Ž w x. ogy representations as in data envelopment analysis DEA e.g., 16, 37 or from Ž w x. parametrically specified technologies e.g., 24, 25 .
Ž . The calculation of the growth rate in the Malmquist index in 6 was carried out as follows:
The first term in brackets measures the rate of improvement in technical efficiency between period t and t q 1. The second term represents the estimated rate of technical change over that period obtained by averaging the technical change growth rates for periods t and t q 1. This formula was employed by Nishimuzi and w x Page 24 to approximate the Malmquist index growth rate based on their estimaw x tion results for a deterministic translog frontier. Perelman 25 uses the formula to compute Malmquist indexes based on estimation results for a stochastic Cobb᎐Douglas frontier.
POLLUTANT SHADOW PRICE DERIVATION
Not only does the distance function approach not require external estimates of pollution damage values, but it can also be used to derive pollutant shadow prices that indicate the marginal costs of pollution abatement to the producer. These marginal abatement cost estimates are useful for further economic analysis and for guiding environmental policy. We derive these shadow prices under the mild 14 behavioral assumption of cost minimization.
The cost function is the solution to the minimization problem
Ž . where p g R is the input price vector. Equation 8 is the duality relationship q w x between the cost and input distance functions due to Shephard 29, 30 . Upon a straightforward application of the envelope theorem on the first order conditions, the above optimization problem yields the following output shadow price formulas: The
to the value of the optimized cost function in this case. The shadow price of a given output is the increase in costs that the production of an additional unit of the output entails. The shadow prices for pollutant outputs will be non-positive, as the input distance function is non-decreasing in pollutant outputs. If we do not have input prices and cannot accurately estimate the optimal cost of production, Ž . we can use the following alternative formula derived from 9a to calculate the ratio of the shadow price of output i to that of output j:
Thus the ratio of the shadow prices is equal to the trade-off between the two outputsᎏhow many units of output j the producer would be willing to forego for the right to emit one more unit of pollutant output i. In other words, this ratio can be interpreted as the marginal rate of transformation between pollution abatement and the desirable output. And if we assume that the market price of u equals its j Ž U . shadow price, we can calculate the shadow price r of pollutant output u in i i monetary terms as follows:
This formula is used in this study to calculate shadow prices for the two water pollutants, BOD and TSS, included in the estimation of the input distance w x w x function. Fare et al. 15 and Coggins and Swinton 8 use a similar procedure for the derivation of shadow prices, but using output distance functions and under the assumption of revenue maximization.
Since cost minimization implies technical and allocative efficiency, the shadow price formula discussed above should be computed at the technically efficient frontier of the technology. Therefore, for observations that were found to be technically inefficient, the shadow price formula was evaluated at the technically efficient projection of the associated input vectors. In other words, if an observa-Ž . tion u, x attains a technical efficiency score of TE, the shadow prices are Ž . computed at u, x* , where x* is the technically efficient projection of x given by x U s TE. x. 16 
FUNCTIONAL FORM AND ESTIMATION OF INPUT DISTANCE FUNCTION
Functional Form
Flexible functional forms provide a second order approximation to the unknown w x technology. The flexible translog functional form due to Christensen et al. 7 was 16 
Ž
. In practice, the shadow prices computed at the actual observation u, x and its technically efficient Ž . radial projection u, x* are the same. This is because the linear homogeneity in inputs of the input Ž . Ž . distance function implies the ratio of the output derivatives used in Eq. 9b and 9c is homogeneous of degree zero in inputs and gives the same value when evaluated at x and x*. chosen for the input distance function
where n indexes the vector of inputs such that the subscripts 1,2, . . . , 7 represent, respectively, energy, wood residue, pulpwood, non-wood materials, production labour input, administration workers, and capital; m indexes the output vector of the firm such that the 1,2,3, and 4 represent the marketable outputs of wood pulp, newsprint, paper other than newsprint, and paperboards and building boards, respectively, while 5 and 6 represent the pollutant outputs BOD and TSS; and t denotes the time trend variable.
Estimation of Parameters
Mathematical programming methods were used to estimate the parameters of Ž . the input distance function in Eq. 10 . The mathematical programming approach Ž . to parameter estimation also known as goal programming was first used by w x Aigner and Chu 1 . The method relies on the minimization of the sum of deviations of the values of the function from the unknown frontier that is being estimated. Goal programming does not provide statistical measures of goodness of fit. However, since it is based on mathematical programming methods, it is a very flexible method that allows us to impose not only equality but also inequality restrictions very easily. The ability to impose inequality restrictions is of prime importance in the case of this study because the asymmetric treatment of desirable and undesirable outputs in the specification of the technology requires the imposition of weak inequality restrictions on the first derivative signs of the input distance function. In this sense, the goal programming approach to parameter estimation allows us to build in sophistication in the specification of the systematic component of the function much more easily than is possible with econometric techniques. The linear programming approach to parameter estimation has been used in several Ž w x . recent studies e.g., 2, 4, 8, 15, 28 .
The objective in our goal programming problem is to choose the set of parameter estimates that minimizes the sum of deviations of the logarithmic values of the distance function from zero. Monotonicity, homogeneity, and symmetry conditions are imposed as constraints. An additional constraint imposed on the problem is the requirement that the value of the input distance should be equal to or greater than unity for all the 36 observed input᎐output combinations. That is, the estimation takes the form of the optimization problem 36 Minimize ln D u, x, t , LP1
subject to the following constraints:
Ž . Ž . Ž .
m mЈ mЈm
Ž . The first set of constraints C1 requires that the value of the estimated input distance function be unity or higher at observed input᎐output combinations; that is, these constraints ensure that the estimated function identify observed input᎐output combinations as feasible or as observations within the technology Ž . frontier. The second set of constraints C2 imposes the monotonicity condition that the distance function be non-decreasing in inputs. The third set of constraints Ž . C3 requires that the function be a non-increasing function of desirable outputs, Ž . while the constraints in C4 ensure that the estimated input distance function is Ž . Ž . non-decreasing in undesirable outputs. Thus, the constraints in C3 and C4 are needed to incorporate the fundamental asymmetry between desirable and undesirable outputs into the characterization of the production technology: namely, that desirable outputs are freely disposable but pollution abatement is costly. The remaining sets of constraints ensure the linear homogeneity in inputs of the Ž . function C5 and the parameter symmetry conditions for the translog functional Ž . form C6 .
In other words, the parameter estimation for the input distance function with pollutant outputs is carried out by minimizing the sum of deviations from unity subject to 555 constraints. These are 36 feasibility constraints, 468 monotonicity Ž . Ž . constraints relating to inputs 252 , desirable outputs 144 , and pollutant outputs Ž . 72 , 15 linear homogeneity conditions, and 36 translog symmetry restrictions. While the linear homogeneity and translog symmetry restrictions are equality restrictions applied directly on the parameters being estimated, it is not easy to interpret the remaining 504 weak inequality restrictions in terms of gains in Ž . degrees of freedom in the literal sense of the term because these constraints contribute to the estimation indirectly through restrictions on functions of the Ž . parameters e.g., derivatives, etc. rather than as direct restrictions on the parameter values themselves. Nonetheless, these 504 inequality constraints amount to a large amount of prior information being employed to narrow down the parameter space and to guide the estimation so that the chosen parameters locate the technology in such a way that the corresponding theoretically desirable properties are satisfied at all data points. GAMS programs were written and solved to compute the parameter estimates. w x The estimation procedures employed here are similar to those in Fare et al. 15 w x and Coggins and Swinton 8 . However, we use input distance functions rather than Ž . output distance functions and the details derivative signs, etc. are therefore different. We also impose the full set of monotonicity conditions, including those relating to inputs, and our model also includes technological change.
DATA
Industry aggregate time series data for the period from 1959 to 1994 is used. Each of these 36 observations include data on the four desirable outputs, two undesirable outputs, and seven inputs described in the previous section. Some summary statistics for the data used are reported in Table I . Quantity data for desirable outputs were collected from several issues of the Reference Tables, w x published by the Canadian Pulp and Paper Association 11 . BOD and TSS data were obtained by request from the CPPA. Input quantity data were collected from w x Statistics Canada catalogues 33᎐35 . Recently revised capital stock data and some of the energy data were obtained by special request from Statistics Canada. The w x data are described in more detail in Hailu 21 .
RESULTS AND DISCUSSION
Ž .
The input distance function in 10 was estimated with and without pollutant outputs. This allows us to assess the significance of the inclusion of environmental effects of production activities on our analysis of productivity growth and economic performance in general. The curvature conditions of concavity and quasi-concavity of the input distance function were not imposed for the parameter estimation because that turned the mathematical programming problem into a very large and highly non-linear problem. Therefore, the curvature conditions were tested for after the model was estimated. The estimated input distance functions were found to be concave in inputs and quasi-concave in outputs for all the periods covered in the study, with and without undesirable outputs. The values of the estimated parameters are reported in the Appendix, in Table A1 for the model that ignores undesirable outputs and in Table A2 for the model that includes undesirable outputs.
Results from Estimation without Pollutant Outputs
The value of the input distance function was unity or very close to unity for all Ž . years of the time series. The average level of productive technical efficiency was calculated to be 99.6%. Efficiency was at its lowest in the year 1989 when the level of technical efficiency was 96.2%, followed by 1976 when the rate was 96.8%. The other years when productive efficiency was below 100% are 1966, 1967, 1972, 1974, 1979, 1981, 1982, and 1986 . The production technology of the industry is character-Ž . ized by increasing returns to scale. The average returns to scale RTS estimate is 1.27.
Since the degree of technical efficiency was generally high throughout the Ž . period, the Malmquist productivity growth estimates from Eq. 7 reflect mainly the effects of technical change alone. The average productivity growth rate calculated for the 1959᎐1994 period is 0.19% per year. And most of this productivity growth Ž . Ž . occurred in the 1980s 0.99% per year and the early 1990s 3.95% per year . The Ž 1960s and the 1970s were marked by periods of productivity decline y1.55 and . y0.74% per year, respectively according to the results from input distance function analysis, without pollutant outputs. See Table II for the technical efficiency, technical change, and productivity growth estimates discussed here. 
Results from Estimation with Pollutant Outputs
The efficiency and returns to scale estimates from the input distance function with pollutant outputs are similar to those obtained from the function estimated without pollutant outputs. An average value of 1.27 was obtained for RTS.
Compared to returns to scale estimates from previous studies, the estimates obtained in this study are lower and are, arguably, more defensible. The estimated w x w x w x value from Sherif 31 is 1.5. Martinello 23 and Frank et al. 20 report returns to scale estimates of 2.0 and 1.79, respectively.
The average degree of productive efficiency for the period was estimated to be 99.6%. The productive efficiency estimates were less than 100% for 1967, 1968, 1974, 1976, 1979, 1982, 1986, and 1989 . At 96.2%, 1976 was the year with the least productive efficiency, followed by 1989 at a 96.5% level of efficiency.
The high estimates of average technical efficiency for the analysis both with and Ž without pollutant outputs are not surprising, given the nature of the data a single . Ž time series and the objective function minimizing the sum of deviations from the . frontier in the parameter estimation procedure. If, instead, panel data were used, efficiency level estimates would then be computed by comparing different observations from the same period as well as different periods. The greater the number of observations that a given observation is compared to, the lower the efficiency estimate for that observation is likely to be. Nonetheless, many of the periods identified as inefficient in our estimation coincide with oil crises and macroeconomic recession periods. In terms of generating information on efficiency changes, that probably is as good as the results can be because of the data features just discussed. In other words, any inefficiency due to factors that do not vary over time cannot be identified by a model using time series data on a single producer or industry, just as we cannot identify inefficiency due to factors that affect a cross-section of firms equally when only cross-section data is used.
Productivity growth estimates, however, change dramatically when pollutant outputs are incorporated into the analysis. The average annual growth rate of the Malmquist index obtained from the input distance function that includes undesirable outputs is 1.00%. This estimate is substantially higher than the rate of 0.19% calculated from the input distance function involving no pollutant outputs. The results also show that most of the productivity growth in the Canadian pulp and paper industry occurred in the period after 1982 and was fastest in the first half of the 1990s. Mean productivity growth estimates of y0.12, y0.32, 1.84, and 4.19 were obtained for the 1959᎐69, 1970᎐79, 1980᎐89, and 1990᎐94 periods, respectively. See Table III for the technical efficiency, technical change, and productivity growth estimates from the model with pollutant outputs.
We observe differences between the conventional and the environmentally sensitive estimates of productivity growth because the latter is sensitive to changes in pollutant outputs and credits the industry for pollution abatement activities while the conventional measure does not. The industry has been reducing its BOD and TSS outputs at average annual rates of 3.3% and 5.9%, respectively, between 1959 and 1994. The conventional productivity measure, by neglecting these reductions, fails to indicate that a higher percentage of inputs could have been saved if there were no pollution abatement. The environmentally sensitive productivity measure, on the other hand, leads to higher productivity growth estimates for the industry because this measure is based on the measurement of the input savings that would be achieved if not only desirable outputs but also undesirable outputs were held constant. In other words, the environmentally sensitive productivity measure credits the industry not only for its production of marketable outputs but also for its production of better environmental quality through pollution abatement Ž . see Section 2 .Thus the environmentally sensitive measure is a better indicator of true productivity growth and the contributions of the industry from the social point of view. 17 The productivity indexes from the input distance function with and without undesirable outputs are plotted in Fig. 1 . The productivity index from the environmentally sensitive measure is higher than the productivity index from the conventional measure throughout the period. According to the conventional measure, the productivity of the Canadian pulp and paper industry increased by only 7% over the entire 36 year period from 1959 to 1994. By comparison, the results from the analysis with pollutant outputs indicate that the industry was 41.8% more productive in 1994 than it was in 1959.
Ž .
Marginal Abatement Cost Pollutant Shadow Price Estimates
As discussed in Section 3, the shadow prices reported below are calculated using Ž . the formula in Eq. 9c and can be interpreted as measures of the opportunity cost of pollution abatement in terms of a desirable output converted into dollar values per unit of pollution abatement by multiplying by the price of the desirable output. In particular, these shadow prices were determined by multiplying the marginal rates of transformation between pollution abatement and paperboard by the price of paperboard. The respective shadow prices measure the marginal cost of pollu-Ž . tion abatement to the producer and also to society . The estimated shadow prices are reported in Table IV and plotted in Figs. 2 and 3 . The results indicate that the 17 An industry that increases desirable outputs or reduces costs at the expense of the environment Ž . through higher pollutant output would score less on the environmentally sensitive measure than on the conventional measure. The calculated shadow prices of BOD were generally less than $100 for the first two decades covered in this study. The average shadow prices for the 1960s and the 1970s were very close. The prices for the 1980s and the 1990s are, however, much higher. The average BOD shadow price increases from $34 for the 1970s to $147 per metric tonne for the 1980s and to $436 per metric tonne for the period from 1990 to 1994. The average value of the BOD shadow prices for the period 1959 to 1994 is $123 per metric tonne.
Shadow prices for TSS were generally found to be higher than shadow price estimates for BOD. For the period from 1959 to 1994, the average of the TSS shadow prices was calculated to be $286 per metric tonne. Like the BOD prices, the TSS prices show increasing trends over time. TSS shadow price estimates ranged between $100 and $300 during the 1960s and 1970s with average values of $161 and $157 per metric tonne, respectively. Average prices of $365 and $663 per metric tonne of TSS were calculated for the 1980 to 1989 and 1990 to 1994 periods, respectively. 18 The increasing trends in shadow prices are also evident when the costs of pollution abatement are measured in real or constant dollars. 19 Results from OLS regression of the logs of abatement costs measured in constant 1986 dollars on a time trend indicate that the marginal cost of BOD abatement has been increasing at an average annual rate of 2.1%. The rate of increase obtained for the marginal cost of TSS abatement was 0.2% per year. It should be noted that these increases in shadow prices do not imply the absence of significant progress in pollution abatement techniques in the industry. It simply means that the diminishing returns to pollution abatement due to the high rate of pollution abatement have more than offset the downward shift in the marginal cost of abatement brought about by improvements in pollution abatement technologies. In other words, the industry's marginal cost of abatement has been shifting downward, but the industry has been moving higher up on the successive curves because of the very high rate at which pollution abatement has occurred.
SUMMARY AND CONCLUSION
This study attempted to analyze productivity trends in the Canadian pulp and paper industry in a way that is sensitive to the environmental effects of the industry's production activity. This was done by estimating a parametric input distance function that incorporates both desirable and undesirable outputs. The parameters of the function were estimated using mathematical or goal programming methods. Data covering the period from 1959 to 1994 are used. Four Ž . desirable outputs, two major water pollutant outputs BOD and TSS , and seven inputs were identified for the estimation of the input distance function. The study uses input-based measures of efficiency, technical change, and productivity growth because these measures are commonly known and have straightforward cost-saving interpretations. Moreover, the input-based measures credit the producer for increases in desirable outputs and for reductions in undesirable outputs, and thus serve as unambiguous measures of the social benefits from productivity change.
The overall level of technical efficiency was estimated to be high partly because Ž the data used are time series data on a single producer the national pulp and . paper industry . Many of the periods identified as inefficient coincide with periods of oil crises and macroeconomic recession. The results also indicate that the production technology of the industry is characterized by increasing returns to 18 Finally, it should be noted that an increase in the marginal cost of pollution abatement does not w x necessarily mean that the measurable or total cost of pollution abatement has been rising 7 . 19 Since we are interested in the cost of pollution abatement to society, we simply used the implicit GDP deflator to convert the current price cost estimates to real ones.
scale. This confirms evidence from previous studies on the industry. Our average returns to scale estimate was 1.27, from the input distance functions both with and without pollutant outputs. This estimate is lower than those reported in several previous studies. The productivity growth estimates indicate that measures of productivity change that ignore pollutant outputs substantially underestimate the performance of the industry. Our environmentally sensitive approach indicates that the total factor productivity of the industry has been growing at the rate of 1.00% per year over the period from 1959 to 1994. This is higher than most of the productivity growth estimates obtained for the industry, regardless of whether those estimates include output scale effects as well as technical change and efficiency improvement. This estimate is also considerably higher than the estimate of 0.19% per year that we obtained from the input distance function estimated without pollutant outputs. The environmentally sensitive productivity growth estimates are higher than the conventional productivity growth estimates because the environmentally sensitive measure credits the industry not only for its production of marketable outputs but also for its pollution abatement activities. The main conclusion of this study is that productivity improvement, from the social viewpoint, has been stronger than conventional measures would suggest. 
APPENDIX: PARAMETER ESTIMATES
